THE RHEOTROPISM OF ROOTS.

FREDERICK C. NEWCOM BE.

(WITH FIFTEEN FIGURES)

| Continued from p. 198.]

. VELOCITIES EFFICIENT IN THE FORMATION OF CURVES.

IN my published abstract,* already referred to, it was stated
that definite relations exist between the velocity of flow and the
‘Sponse of the root. Juel® paid some attention to the same
sbject, finding that Viciz sativa grew generally with a negative
“UIve, or straight, in velocities. above 1800™ per minute, while
rom that rate down to 1.8 per minute the response was gener-
ally a positive curve. Similarly with Zea mays (the variety is
Got given), the same author found devious behavior in a velocity

t 3000 Per minute, but positive curves in a velocity of 1200™°
YT minute; in velocities of 66 to 18" per minute, he found
%7 per cent. curved positively; while in velocities of 4.8 to
1'8" PEr minute, less than one-half the roots bent positively.
:;'5 c‘lear, therefore, that in a velocity above 1800™ per minute,
.e Primary roots in both species named grow either straight or
::::yam“egative bend. As Juel points out, this does not m.aces-
5 “an that the roots are either insensitive or negatxv'ely
. L The)’ are probably bent negatively or held vertical
anical push of the water. On the other hand, the
e, of a stimulating current seems to have been approxi-
- @mays, but not for Vicia sativa, at the rate of 2° per

mlnute

M i .S —_—
indum); Wl experiments to determine the limiting velociti€s

'p S TéSponse have been carried on with several plants, but
1596 ; Proc. g the relation of response to a stimulus. BOT. GAZ. 22:242.
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more extensively with Zea mays (popcorn), Brassica alba, ané
Raphanus sativus. While the general results could be given in a
tew words, yet, to afford the reader opportunity to judge the
evidence, the following tables are given.

TABLE 1.
EXPERIMENTS WITH ZEA MAYS (popcorn). Temperature in air 24 .

T —
 —————

—

w
l:"e(\,r’o?:tif:xnie:en:ﬁitnz?g Flow per minute After 934 hours After 18 hours
I cl o - B
8 seedlings X 40 | 2590 to 500 8 roots = 0 | 8 roots = 0
N e ——————
A1 1630 to 1300°™ 3 roots = 0° 3 roots =0
9 seedlings > 26 | 1140 to 325 6 roots = +15° to 40" | 6 roots = 0
T . 1 i T
I [000°™ I root = 0" 5 I root = —90°
. 900 I 00t = 0 I root = —45
800 I root = 0 ’ [root = €
700 I root =410 { root =10
¥ seedlings > 16 | 600 I root = 20 | 1 root =135
500 | I root = —+20 1 root ‘i‘-+45
400 | I root = —+30 I root 4
300 I root = +40 I root =
v | E25™ I root
I13 , I root -
100 I root
. 88 I root
9 seedlings X 2 75 I root = -+40
62 I root = -+45
50 I root = +45
38 1 root = —+45
25 | I root = —+45

et
R —

The results recorded in the foregoing ta
with seedlings of the same planting; the experiments
ried on at the same time, at the same temperature, a
same room. The external conditions, therefore, Wert
alike as possible.

.An €xamination of my notes on experimen hat Ave™
various times during the past three years shows t.a
Sativa has varied in its response according to the velfEH
flow, Unfortunately, the experiments not being s
purpose of determining the effect of various velocities:

of
for the
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were not taken in sufficient detail to show more than very gen-
eral relations. The results are these :

TABLE 1II.

EXPERIMENTS WITH AVENA SATIVA. Temperature in air 22° to 25°; period for each
velocity from 10 to 17 hours, except in the case of I 5 roots, where it was 30 hours.

— - —— e e — et —
— e — e -~ —

Total no, of roots | Flow per minute Percentages of curvatures
96 25 to 100°" | 46% =, 51% =0, 1§ =—
57 | I00 to 300 81 =4, 14 =0 ith S
58 300 to 2000 40 :+, 30 =0, 30 =—

T ———————————

From this table it is evident that streams with a velocity
below 100™ per minute do not bring responses in the majority
of individuals; and that velocities of 2000™ and below give
"any negative curves, these probably being merely mechanical.
It IS quite probable that velocities above 300™ per minute would

SIVE 2 majority of positive responses, but my notes do not set

the 4pproximate upper limit.
T;hc tests with Brassica alba show practically the same result
S With Avena sativa, A velocity above 1000™ per minute will

81ve, so f.af 45 my test goes, only vertical and negatively bent
"00ts, while 3 velocity between 600 and 1000™ per minute will

not by " ;
bring 2 POsitive response in one-third of the roots.

TABLE I11.
A, to show upper limit of speed calling forth a

e ———

Exrs
IMENTS WITH Brassica ALB

o' Temperatyre
N air | Period Flow per minute Percentage of curvatures
ot | ] )
62 22° to a0 ¥ g e
2 to 4 |15 to 24 hours 50 to 500°® (87¢ =+, 138 =0, 05:""
¥ 3 |14to2gq 600 to 1000 (28 =4, 50 =0,22 =—

3 I4 1000 to 2000 0 =+4,50 =0,50 =—

to show the various angles assumed by the
elocities. In the rates between 100™ and

And goe. i 56 seedlings tested in a velocity below
' the angle attained averaged less than 40° In
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velocities above 600 per minute, the angle was less than in the
lower rate.

The lowest speed to which any of the roots will respond
with well-marked curves has been determined in another series
of experiments. The same general method was used as before,
except that a klinostat gave the revolution, and no seedlings
were set nearer than 3°™ to the center of the dish. The seed:
lings were thus suspended across the diameter of the basin in
four groups, two being in the outer circular channel 45™ m
radial width, and two being in the inner channel 35 wide,
there being an unoccupied central portion of water 55° 0
diameter. The innermost roots that were 3 from the centc'r
were therefore within 5™ of the inner glass wall, and hence &
may be assumed that the friction of the water on the glass ‘wall
would maintain there a water current with fairly constant diret
tion, even in this slow movement.

In the following table the roots are grouped in two classes—
those in the outer channel of the revolving basin where ?hﬂ*
was a velocity of 2.36°™ to 4°™ per minute, and those In the mnner
channel where the velocity was 1.18°® per minute to 2 pet
minute,

TABLE 1V.

e 3 calling
EXPERIMENTS WITH BRASSICA ALBA, to show the lower limit of speed
forth a response.

T ————————— e ————————————————— - - — ‘/’—//

— — e
ELOCITIES = 2,300 TO 470 m

'Vm.ocmxs..-—.x.xScm TO 2¢Mm PER MIN. 3.1’_________//
| A | ! | ; 35 o
Exp : : ’ o - | =2 3
ERIMENTS | O | iy o8 o E
3 5| g% || & T
- & H ’ g‘+ = g A ‘: & h l Si | S
| %8 |+ 1| . | & - 0 e 9 ’ :
= 2 P8 | BT S = ®| < | ¥
Zz |R|R[®|< | 2 R Ll ) Bl S
e | — | | .
e — o j e Qr | |
I. | /
22° (.:.2311:‘3. X! 4 = < | 10°tO 8=+ |8 || 9
£ in 16 min. ; — j: o Sl Ba | T 4: 1 =0 |
e . ] o - e St
| |
II. H ’ - xs 0 \
29° C... 18 hl'S., W 4_:—.-..-t- 33 25 42 F 29' 15" tO 45 H14f°° 82
T n 16 min, =0 - Lom '
- TR N e S A= (BT
— +J 22 = ‘tu o .
Totg] 6=° 42 32 H 26 26. xoo tO4S° i 4 == 0 85 ,5 ; i i
; ( N LS
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The foregoing table does not tell the whole story. The
oots in the velocities above 2™ per minute had the character-
stic appearance of rheotropic responses, the apical part of the
root being bent in a curve. The roots in velocities below 2"
per minute showed mere inclinations and not curves. Moreover,
the bent roots in the higher velocity were in 80 per cent. curved
only in a plane parallel with the current, while nearly all the
bent roots in the lower velocity were curved either in planes
oblique to the direction of the current, or they grew in two or
more planes at various angles with one another. Inother words,
e velocities below 2™ per minute ceased to control the divection of
growth,

The fact last. mentioned is further emphasized by the
thavior of the roots of Brassica alba in basins of water revolv-
g once in 24 minutes. With such a speed as this, the velocity
n the outer channel of the basin extends from 2.50°™ to 1.80°"

The behavior of the roots was about the same in
bo.th channels. Seventy-eight roots were used, the temperature
ey Maintained constantly at 22° in air, and the period being
%::::s't:j hours, 2.4 h?urs, and 28 hours in four experiments.
ﬁrumy ‘WO roots inclined against the stream, fifteen with the
cent. .and forty-one roots were neutral. This gives 28 per

 Posttive, 19 per cent. negative, and §3 per cent. neutral.

and all roots remain-
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tion of the current, and many counted as neutral deviated from
a straight course. That this very irregular direction of growth
in streams of low speed is due to the movement of water is
made known from the fact that these seedlings produce very
straight roots in still water. In a control test, fifteen seedlings
suspended with their roots in still water grew straight. It seems
to be demonstrated, therefore, that currents of water with a
velocity less than 2°® per minute are not able to call forth a
positive response in the primary root of Brassica alba.

The results obtained in attempting to determine the mins-
mum, optimum, and maximum velocities for inducing a rheo-
tropic response in Raphanus sativus show that this plant agrees
very closely in these respects with Brassica alba. Since the:.u:
results can be most briefly given in tabular form, we will agair

resort to that method of presentation.

TABLE V.

; . ocity.
EXPERIMENTS WITH RAPHANUS SATIVUS, showing relation of response whv:lcd o
' : ury o
Period, 8 to 24 hours, the record being made when the most curves s

each experiment.

Total seedlings | Temperature in air | Flow per minute

e —————————

36 22 to 24° 25 to 100°™ W T
117 22 to 24 50 to 5§00 93 =+ 3.5 :g 35 o
<1 23 600 Lo 1000 12.5 == 87.5 ;0 6o =~
[o 22 to 23 1000 to 2000 o =+ 40

From this table it appears that approximately
the roots remain neutral in a velocity between 25
per minute, that the optimum speed lies between 50 1 got
per minute, and that velocities above 1000 per mmme°mnot 3
call forth a positive response. This table, Bowene 5
Precise statement of the percentages of P cord was
roots curved and straightened again before the final fft js not
made. Such roots were very few in number, - lthzm one
probable that the percentages would be changed more
or two units if the more accurate record were made: obtained

Not only is the largest number of positive cur VAR
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i velocities between 50°™ and 500°™ per minute, but the largest
angles also. The most of the curves in velocities below 50"
per minute are less than 30°, while the greatest angles are
attained in velocities between 200°™ and 500°™ per minute.

To determine the effect of a very slow current on the direc-
tion of growth of the roots of Raphanus sativus, three experi-
ments have been carried out with the revolving water basin,
divided as before into three concentric compartments, the roots
being immersed in the two outer. The klinostats were adjusted
0 give one revolution in 32 minutes and one in 45 minutes,
offering  velocities ranging from 0.4°" to 2% per minute. No
diference in behavior of roots could be detected for the various
velocities. The temperature of the air was held constantly at
23", the period of two experiments was 22 hours, and the other
24 hours. Altogether seventy seedlings were used, giving thirty-
our positive inclinations and three negative, while thirty-three
"001s grew straight.

In the first place, it may be said that the roots of Raphanus
€ not disturbed, as are those of Brassica, by the very slow
-urrents of water. It will be recalled that two-thirds of the
*00ts of the former grow irregularly in direction, in streams with
* current below 2cm per minute. The roots of Raphanus, which
e designated above as neutral, pursued a vertical course
downward.
thc:: the second place, the fact should be emphasized that in
fmntsif:mst;eams the .character of the bend of the roots is dif-

% at seen in the higher velocities. In the latter a
concave toward the stream; in the former the
t the stream is either convex toward the stream,
ation is in a straight line. In very weak currents,
PEr minute, the apex of the root for 2™ or 3*° points
downward. The accompanying fig. & will illustrate
The angles attained by the roots of Raphans
€Se very low velocities ranged from 10~ to 45° from

nclination agains
or the inclin
bﬂlow 2¢m
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turned against the stream, we must name the phenomenon posi-
tive rheotropism, even in velocities below 1°® per minute, The
case 1s different with the mustard. In that plant velocities below
2°" per minute gave only 28 per cent. of obliquely positive
inclinations to 19 per cent. of negative, and 53 per cent. of

neutral roots. The

difference between

the number of
“— positive and nega-
tive roots in the
mustard 1s not so
> great that we may

~ . cess of

F1G. 8.— Four roots of Raphanus sativus after stimula- Ca.ll the CX. ;
tion by the water current. Roots a, 4, and ¢ have been in Q per cent. indica-
streams with a flow of less than 2™ per minute, while 4 has tive of a posiﬁVt
been in a stream of 200°™ per minute. response. Withthe

radish, however, the roots bend only in a plane P““’allel w.itb
the stream, and thirty-four positive roots to three megative
and thirty-three neutral require the verdict that approximatd)’ '
one-half the roots of Raphanus sativus are directed by a - f
stream with velocities ranging from 0.4°™ to 2°" per SlgEr, 2 '
even by a velocity of less than 1°™ per minute.
Helianthus annuus gives mostly positive responses i ‘
from 100°™ to 600°™ per minute; while in one experiment with
six seedlings, velocities from 600°™ to 2500°" per mir.mtE. =
root was positive, four negative, and three neutral. Fsum o;::’
vum in three experiments, with velocities from SO?m i =
per minute, gave nine positive roots, sixteen negative, a‘.“? ma‘
neutral. From this we may infer that the higher velocitie
least cause mechanically negative bends. han any
Vicia faba gives positive curves in a stronger Stréam g 'tic;
other plant worked with. In one experiment, with Vel‘o.ad.
from 600°™ to 2500°™ per minute, eight roots bent pos‘:l;d)i.
eight negatively, and three were neutral. In anothes 57,
ment with six seedlings, two were neutral, W i
tive—one at 1000™ velocity, one at 15007,

n velocities
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Lhis is the only plant that has not always given a negative bend
m a velocity of 2000°™ per minute.

An examination of my notes on all experiments shows that,
without having determined the optimum velocity precisely for
any species, all of the plants I have worked with give the most
constantly positive responses and attain the greatest angles in
velocities between 100°™ and go0°™ per minute.

{Il. LATENT PERIOD AND AFTER-EFFECT.

A remarkable fact in the rheotropic response of roots is the
cxtraordinarily long latent period. It is true that Berg3 states
that he obtained curves often within thirty minutes. But he

gives neither the precise plants, nor temperature, nor velocity
"l.th which this result was obtained. When he used the reading
Hicroscope in an experiment with Zea mays, he found a minimum
atent period of one hour. Juel (Z ¢., p. 529), with Vicia sativa,
f‘f“’Pefature and velocity not given, believed he could detect
Witial curves in two hours.

My own results agree with those of Berg and Juel, but they
ve bee.n ¢Xtended over a larger number of plants, and have

the relation of velocity of current to time of

- The following tables will show how these plants have

behaveg, Observations were made at the intervals recorded 1in

the tables ; and hence the curvatures recorded for any hour,

“XCept the first, may have begun between the time recorded and

Preceding observation. Close attention failed to reveal any

“Yature earlier than eighty minutes. Observation was made

¢s. Reference to fig. 70, page 275, will convince
of those curves must have begun at least ten to

arlier than the time recorded.
'f7 in the following table indicates that no
91 was made at that time.

"BERG: Qppyi
* Studien iiber Rhetropismus. Lunds Universit. Arsskr. 35*: no. 6. 1899.
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TABLE VL
LATENT PERIOD FOR RAPHANUS SATIVUS,

f

= : b : -
s |3 |& l [t § ]
- 7] % |

Fl : z % :’:3 & - ' l'.'
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The tollowing table shows the shortest latent period observed
for several seedlings. It is certain that the latent period would
not be shorter in a velocity either less or greater than that given
tor each plant, with the exception of that for Brassica alba. For
this plant, experiment has not shown whether a quicker response
would be found in a velocity greater than 250°™ per minute.

TABLE VII.
SHOWING SHORTEST LATENT PERIOD OBSERVED FOR SEVERAL PLANTS.
e = ———w
Plants Optimum tempera- | Temperature of air | prow per minute | Latent
ture for growth 4 in experiment

B i Pt S
Raphanus sativus —_— 23° | 200-400%" | 14 hoet
Brassica alba 27.4° 23 ~ 200-250 ’
Hordeum vulgare 28.7 23 i ;
%vena sativa . = 23 , 100-225 ;%

€a mays (popcorn) 2 200-400
Plsqm sativum 2:5; 23 200-600 | 3,}%‘
H'el.xanthus annuus 31.5 23 | 150-300 g
Vicia faba 26.6 25 | 225-075

—e e e AR
Lathyrus odoratus responds so slowly that in a set of tW‘“?;
seedlings in a favorable velocity of water, at 2 temperamf:ots
20" to 23°, 24 hours elapsed before 1 was certain that the :ooti
were responding ; yet within the next 24 hours fourtech

showed good rheotropic curves.

translated by Vines, 1882, p. 830, but are changed in two apcii
obtained in my own work.
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A comparison of the optimum temperature for growth with
the temperature used in the experiments will indicate that the
seedlings used would probably, in most cases, show in the opti-
fum temperature a shorter latent period than that given.s We
Wiy suppose that by the aid of the reading microscope the
atent period could be seen at the optimum temperature to end
or Raphanus sativus, Brassica alba, and Hordeum vulgare in an
hour. It is hardly to be supposed, however, that for Pisum
satwoum, Lathyrus odoratus, and Vicia faba,the latent period could
be reduced to two hours. Compared with the latent period in
geotropic response, the periods for rheotropism are extremely
ong. The roots of Raphanus sativus when laid horizontally in
Waler, at a temperature of 26", show to the unaided eye a geo-

ropic bend in 15 minutes; those of Pisum sativum, similarly
treated, show,

“VeT, 1s carried out in opposition to the geotropic tendency of

:;:lant‘ . N? one has yet found the latent rheotropic period
Sfavitation is neutralized. A better comparison can be

made with the heliotropic latent period, which is shown by the

Plant while stil) under the influence of gravitation.

"8S of Brassica alba and Helianthus annuus have their

d VII also show the latent period 1n relation to
In general, it may be said that for several

Ot. 32: 195) shows that the optimum temperature for
Otropic response.
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plants the latent period is shortest in velocities between 100®
and 400°" per minute. Kaphanus sativus and Vicia faba, howeyer,
have shown their shortest latent period in velocities above 400
and below 750" per minute. The influence of velocity on the
time of response is shown in a striking way by using the basin
of water, revolving at a rate to give critical velocities in the
radius, and by suspending a row of seedlings along the radius
From scores of such experiments, two may be selected here.
In the first, the revolution was twice to the minute, giving along
a radius velocities from 25°® to 125°" per minute. The tempera:
ture in water was 22°, and twelve seedlings of Raphanus Sah s
were employed. In two hours the three outermost seedlings hac
bent + ; in three hours the three outermost were -+ ; in fouf
and one-half hours the six outermost were + ; and in SEVeR
hours the seven outermost were - , while the remaining f¥e
nearer the center were all neutral. In the second selection, seed-
lings of Brassica alba were used. The temperature in water'“.ras
23°, the revolution 24 times to the minute, and the velocities
ranged from 300°™ to 1500°™ per minute. After three hours.thc
three roots nearest the center of the basin were +; after eight

v urs
hours the six nearest the center were 4 ; and after fifteen ho

. . o
the eight nearest the center were -+ ; while the fourteen (:ﬂtbc
most were all directed vertically downward and therefore 10

called neutral. ' S
n us that the time

The foregoing considerations have show ¢
response stands in definite relations to the velocity .Of cur:x:e
We may at this point inquire whether the variation in tlleferred
of response in constant external conditions may be. ¥ ually
wholly to variation in the rate of growth. A seedling L % that
regarded as so low an organism among Ofga“ize.d bemgs;light
one might expect a low degree of individualization, Onct_h o
expect constant results in constant conditions of grow

: . nts in fhc'
environment. Could we not carry on our experime Jatent
constant

otropism quantitatively, and thereby look for e b e
' ience oL € .
periods and constant angles? The experic o ilar W i the

IS against such an assumption. Every one 15
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fact that when several seedlings have their roots laid horizontally
0 as to carry out the geotropic curve, some roots bend at
angles varying from those of the majority, indicating either an
mdividualism in sensitiveness or in response. The rheotropic
esponse shows like variation. In general, the most rapidly

growing roots are the first to
respond, but in nearly every M?}

| ﬂ ones
expeniment there are found ﬂ ﬁ e

ol varying their time of

response from that of their fel- 17 LY J ’ y T
ows of equally rapid growth. | [ ‘ l
This fact is ilustrated by ﬁgS Fi1G. 9.—Raphanus sativus, tracing from

gand ro. It is €asy to see 2 photograph. Seedlings ready for the
that root no. 5 has grown most experiment whose result is shown in fig. z0.

and also curved most; but root no. 2 has grown less and
bent more than no. 1, and no. 6 has grown less and bent
n.xore than no. 7. It is true that in these cases external condi-
Hons were not precisely similar, for the velocity of current for
some of the roots was 675"
and for others 725" per min-
ute, disregarding the irregu-
larities of current caused by
the roots themselves. How-
ever, root no. 2 was in almost
exactly the same theoretical

R rate of flow as no. 4, must
- a ha e | -
el Cmus sativus, traced from have felt more of the irregu

taken 114 p . .
The | ours after placing ; .
m::: 183 water stream with a tempera. |21t Of flow caused by th

— »3d a velocity of 675em to 7occm roots in front of it than did
. To show -

mitial rheotropic no. 4, and grew less than no.

4 ; yet it curved to a greate:r
other hand, many of these variations in phys.l-*
Hon could probably be reduced were care taken 1n
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rheotropic latent period, both considered without the neutraliza-
tion of the effect of gravitation. Roots of Raphanus satives
rheotropically curved have been seen to begin to straightes
geotropically 20 minutes after the water stream was stopped,
the temperature in air being 23°. Under similar conditions,
except at an air temperature of 28°, the roots of Zea may
(everta) began to straighten geotropically in 40 minutes. Us
the other hand, two roots of Vicia faba, at a temperature of 25
in air, continued to bend rheotropically for an hour after the
water stream was stopped.

From the foregoing results we may conclude that the rhe-
otropic stimulus is in active competition with the geotropic
stimulus, so that the operation of the latter 18 very qUiCHF
manifested when the former ceases to operate. One might have
supposed the after-effect would have been considerably pro-
tracted, seeing that the latent period is so long. Such, however,
is not the case. It remains an open question whether the
rheotropic latent period would be greatly shortened were thf
opposing geotropism eliminated. The latent period in this
response 1s no greater than that for traumatropism 6 and that for
the clasping of some tendrils.?

IV. PERSISTENCE OF SENSITIVENESS.

: ' vel
The response of roots to a stream of wateris continuous 0

a long period; and although there is some evi
that roots subjected to a rheotropic stimulus lose 1n grea

: , trection
their geotropic sensitiveness, yet we may regard the e
a resultaﬂ‘

taken by the roots growing 1n a stream of water 4 le
direction. This resultant direction forms a greater oLiFR 333

with the vertical according to the plant species, and. 6O ltc‘:g
to the intensity of the rheotropic stimulus. This angle may fc:n d
90° in Fagopyrum esculentum, Raphanus sativis, Brassica ‘flb'm aba
other plants, or it may average no more than 45 aS n de[ak
V. sativa, Pisum sativum, and Helianthus annuis. A very ¥

:
SPALDING: On the traumatropic curvature of roots.
7 . . 3
DARWIN: The movements and habits of climbing plants.
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simulus, such as that given by a water current of a few centi-
melers per minute, gives an average angle in Brassica alba and
Kaphanus sativus of perhaps 15°, while the most favorable stimulus
orings a response averaging nearly go°.

It might be thought that a root responding to the rheotropic
stimulus by producing an angle of 45° to 9o° from its direction
of geotropic equilibrium would soon show signs of fatigue by the
reduction of this assumed angle. Such behavior, however, on
the part of the plant has not been observed, in cases where the
stimulus is above 2 relatively low intensity and below a relatively
?igh mechanical pressure. Thus, ten roots of Zea mays (everta),
n velocities ranging from 50°™ to 100°™ per minute, all attained
40 angle of 45° in 171 hours, and maintained the same angle to
th.gend of the experiment, 10. 5 hours later. Helianthus annuus,
with ten roots in water ﬂowing [00°™ to 500 “™ per minute, showed
‘l.l ‘001s retaining their angle of go°, 33 hours after the begin-
ng of the €Xperiment, this angle having been attained by most
of Fhe ‘00ts 15 to 18 hours earlier. Ten seedlings of Raphanus
:::‘it (‘:f“'ietycn\l(ellow Oval) all.bent their roots positively in c)a
n e peziod 3 bseo t0 400°™ per minute, temperature of water 23
o beian e tween twelve and eighteen hours, the exoact tlmoe
Thi. 5 Observed. The angles attained varied from 15° to 9o°.

.m} SIX hours after beginning the experiment all roots were
st Positive, and t | go op d-
ings of ¢h. Sk al angles of 30° to go0°. A set of ée.ven see

arly Long Scarlet radish held their positive angles
t the experiment, twenty-nine hours after the angles

n by ,

trs: eotropic within the first 33; hours,
dightened within the ensuing 114 hours. Brassica alba

POsitive w: to 100°® per minute showed sIX
S Pt three hours, but within the next hour four
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of these straightened. Raphanus sativus, during the first three
hours of an experiment in which twelve seedlings were placed
with their roots dipping into water, the velocities at the various
distances from the center of the basin ranging from 50" to 100
per minute, and the water temperature being 22°, gave rheotropic
responses in the three outermost roots. These roots after the
lapse of four hours were seen to be straightening. Within the
first seven hours of the experiment seven of the twelve roots
bent positively, but after seven hours more, all twelve roots,
except two tardily straightening ones, were in the vertical position,
except for the fixed portions of the rheotropic curves.

Analyzing these results, it would seem that the matter
thus stated: (I) a rheotropic curve in response to 4 weak
stimulus will, sooner or later, be overcome by the response, {0
gravitation, so that only the geotropic response is evident; (2)
a stronger rheotropic stimulus acting at the same time with fhc
normal geotropic stimulus may produce a curve giving a deviation
of less than go° from the vertical, this direction being regaf‘!“’
as a resultant of the water current stimulus and the gravitatiof
stimulus; (3) with highly sensitive roots and a suitable rht‘toth“
stimulus, an angle of go° from the vertical may be attained, 50
that the geotropic response of the plant 1s wholly overc?me bvl
the rheotropic, except for the geotropic counter-curve which wi
be discussed later.

The overcoming of the response to one sti
another is well illustrated also in the horizonta |
by stems in response to horizontally directed rays of light,

heliotropism apparently vanquishes geotropism.

can be

mulus by that t0

| position taken
where

V. THE GEOTROPIC COUNTER-CURVE.

ion from

One who studies the rheotropic behavior of r
that when a root has acquired an angle of grea
the vertical, the apical 2™ of the root are b
thus forming with the vertical a smaller angle th
the root farther back. If, for example, there 1S
curve of 60°, the apex of the root will often SA%¥

t deviat
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ward dip of 5° to 40°. This appearance is well illustrated
n fig. 11.

Both Berg (p. 27) and Juel (p. 529) have discussed this.
phenomenon, but neither, to my mind, in a very satistactory
manner. The former suggests that the apical 2™® of the root
may not be sensitive to the water stream stimulus, and hence
this part does not take the direction of the growing zone, which
Berg believes to be sensitive. The objection to the argument of
Berg lies in the fact that it is not a question of sensitiveness but
l‘question of response. The receptive tissue and the responsive
f‘sje'"e may be, we know, quite widely separated in various
‘mtable phenomena. Juel explains the S-shaped curve formed
?.V the rheotropic curve and the geotropic counter-curve as result-
g from the competition of rheotropism and geotropism, the
lormer being the stronger in the proximal part of the growing
8¢, and the latter being the stronger in the distal 2™,

’ mzef(}): Proceeding with the discussion of the S-shape(.i Curve,
iiseei l Wf.?u to .state t.hat it 1s not peculiar to rhe.otropxsm, but
o tl? SO 1n helnotro[.)lsm. If seedlings of Brassica alba be set
Whes th: :su.al Way. with one-sided illumination, I have found
; eliotropic curve reaches or surpasses 45°, that the
:t::lis:m s;lfow a geotropic counter-curve like that sef:n in rhe-
Cﬁpek'.and 13(3\", we take. into account the cxpe.:r.lments (?f
most likel emec® showing that geotropic sensitiveness 15
the o Y confined to the apical 1.3™™ to 2™ of the root, anfi
XPeriments of Czapek © showing that roots receive their

downward position, and that the effect of the
hes constantly with the reduction of this angle,
ee that the geotropic downward dip of a rheo-
d root diminishes greatly the strength of the

:Untersuchungen iiber . Geotropismus. Jahrb. Wiss. Bot. 27:243;

 Wiss, .Bot. 36:7(18i.e wahmehmung des Schwerkraftreizes bei den Pfianzen.
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geotropic stimulus, and thus gives a greater opportunity for the
operation of rheotropism. When a root is displaced out of its
position of geotropic equilibrium, the angle of ensuing geotropic
curvature has been observed by many to begin, according to the
diameter of the root, 2™ to 3™ back from the apex. Roots,
such as I have used for the most part, are 1.25™™ or less in diam-
eter. Inthese, the geotropic angle is at first about 2% from the
apex; subsequently the curve extends backward, and includes
several more proximal millimeters. We may follow the forma-
tion of the S-shaped curve thus: The rheotropic curve begins 11
Zea mays, according to Berg, in the 3d™" trom the apex; and
according to Juel in the 3d™ of Vicia sativa. 1have frequently
seen it originate in the 2d™™ of both Brassica alba and Raphanus
sativus, though in these plants it is often first seen in the 3d™.
Berg’s, Juel's, and my own observations agree in noting that the
counter-curve generally does not appear till the rheotropic curve
has reached an angle approximating 45°. Inone set of eight rhCO;
tropically curving roots of Raphanus sativus, seven had bent te 45

or over, and only one of these showed the dip of the tip. All these
observations show that the tip of the root, even the apical 2°°
may take a rheotropic curve. The part of the root farther back
begins to curve a little later, and a portion removed as far &
L1™ from the apex, may, in Zea mays, according 10 Berg, P‘*lr
ficipate in the rheotropic response. AS the rheotropic angic
Increases, the sensitive apex of the root comes more:
Into positions of increasing gravitation stimuluS,. . c
geotropism overcomes rheotropism, and the geotropic dip beg.l =
to appear. As soon, however, as the tip declines, the gravi .
tion stimulus is less strongly felt and the rheotropi€ v od by
now increase. This increase, however, I8 ccomplished
tarther bending several millimeters distant from

tip declining geotropically as the part behind it!
tropically. This behavior, after the S-curve begins t0 o

rheotropic response in different parts of the ro®
well worthy of special note, for by such initial
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theroot is enabled toattain toaconsiderably greaterrheotropicand
heliotropic angle. The continuance of this behavior brings about
aconstant straightening of the geotropic curve in its proximal part
and a constant re-formation of the geotropic curve in its distal
part, giving in a root of Raphanus sativus that has been in its
theotropic and geotropic equilibrium for some
bouss, 2™ to 3™™ of the apex dipping to an
angle of 45" to 15° from the vertical, back of
this apex a straight piece from several to
many millimeters in length, generally lying at
an angle of 45° to go° above the vertically Fic. 11.— Root

down =3 . . of Lupinus alous,
ward position, and lastly the rheotropic showing (a) rheotro-

agle in the form of a more or less open arC  ic curve and ()
“onnecting the rheotropically growing piece geotropic counter-
of the root with the older vertical part. S

Fig. 11, drawn from a root of Lupinus albus, illustrates the fea-
‘ures just described.

The theotropic curve at the beginning may be quite like the
seotropic curve of a root, but after some hours it will be noted

-~
P’

8 L6 =7 48 9 10

N.nmbers 110 ¢ are tracings of the rheotropic curves of a single sczedlmi
RE, during the period of five hours. Numbers 5 to & are tracings 0f
made at the same time. Numbers ¢ and 7o show the geotropic curves 0

&tmpifdﬂmm sativus. The difference in the character of the rheotropic and
CUrves Is apparent to the eye.

()
~,
w o
lr
-
- / — —
,’f —

arther back from the tip than occurs 10 a geotroplt

* 42, nos. r to 8, shows rheotropic curves of two
Raphanus sativus, all made at the same time from

Variety and the same planting of seed. The roots
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were traced by laying them on ground glass under water,
drawing on the ground glass with a lead pencil kept paralle!
with the roots, then transferring to paper by laying the papes
over the ground glass set in a window. /F2g. 12, nos. g and

ro, shows geotropic curves after the plants had been lying
horizontally for four

hours, with roots in water
at a temperature of 23
The rheotropic curves of
7 to 4 were made In
velocities of water rang-

Wit

o‘l"“““l\ Wl

e
=
-
-
g
-
~§
—
A
‘u_.
—
—
—
o~
= 3

ing from 100" 10 400
per minute, tempeoratmc
of water being 22 ; and
the curves of 5 to & were
made in similar circum®

F1G. 13.—Raphanus sativus. Three stages of
a single seedling illustrating the undulating course
of the root; selected from a single preparation of
16 seedlings, 12 of which had similar curves; @
. shows the seedling before beginning the  revolu-
tion of the basin of water; &, after three hours’
revolution; ¢, after 21 hours’ revolution. The
number s represents the end of the supporting bar .
of wood; 2, the rubber bands holding the two farther bendin Aig
strips of blotting paper (37) against the bar of c,me tissue even W
wood. The temperature was 23.5° in water, this had become€ 3

6™" distant from the apex, till in no. ¢
43°. So also in the roots numbered 5 to
the figures that the initial bending of 15 at 3™
In 5 has in & increased to 32° by farther bendin e is 6%
tissue, though in the latter case the apex of the angit
from the root-tip.

A singular result worthy of note 1S the appeara’
root of several alternating curves of gre
angle, giving to the root an undulating cOUrst:
tllustrated in fig. 13, where a root shows twoO grea

g it is evide
mm fromm the apcx

4‘.‘ = -
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iwo lesser. This phenomenon I have seen only in two con-
ditions—in high temperatures when the growth was very rapid,
and with a very weak stimulus, the latter illustrated in fig. 8, c.
it may be explained in either of two ways. We may suppose
that the root changes its sensitiveness or degree of response in
successive periods of time; or we may suppose that the after-
effect of the gravitation stimulus on the one hand, and of the
fheotropic stimulus on the other alternately carries the bending
oot beyond the position of equilibrium, thus producing an oscil-
ation back and forth over the position of equilibrium, the older
part of the curving portion being fixed at the two extremes of
' position, thus producing the undulation observed. That a root
Wy become non-responsive to a water stream after it has
dready given a rheotropic curve has been shown above. No
observations have shown that such a root may in the same
=irrent of water show a second response. If, however, a root
“4Y Tegain its sensitiveness or its ability to respond after losing

" san?e, We might expect the appearance of such an undulating
“OUISe in growth as that just described.

| 70 be concluded. )




